In this paper, a large-depth-of-field projected fringe profilometry using a supercontinuum light source generated by launching femto second laser pulses into a highly nonlinear photonic crystal fiber is presented. Since the supercontinuum light has high spatial coherence and a broad spectral range (from UV to near infrared), a high power (hundreds of mW) point white light source can be employed to generate modulated fringe patterns, which offers following major advantages: (1) large-depth-of-field, (2) ease of calibration, and (3) little speckle noise (a major problem for the laser system). Thus, a highly accurate, large-depth-of-field projected fringe profilometer can be realized. Both the theoretical description and experimental demonstration are provided.
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Introduction
Projected fringe profilometry is one of the most effective methods to measure the 3D surface profiles of rough engineering surfaces [1-3]. The entire surface can be sampled simultaneously with minimum requirements on the mechanical fixture [4] . In conjunction with a phase-shifting detection scheme [5-6], depth accuracy better than one part in ten thousandths of the field of view can be achieved even with excessive image noises [7, 8] . In addition to accurate profile measurements, phase-shifting projected fringe profilometry (PSPFP) is notable for its non-contact nature, fast measurement speed, full-field measurement capability, high profile sampling density, and low environmental vulnerability [9] [10] [11] [12] .
Profile measurements by phase-shifting projected fringe methods are commonly used either in a comparative mode, in which a surface is compared to another surface and the difference is measured; or in an absolute mode, in which the depth of a single surface is measured. Both modes require a sinusoidal fringe pattern projected onto the inspected surface in order to demodulate the distorted fringe values into the corresponding depths. The depth measuring range is basically limited by the depth of field of a projection system. One possible way to extend the depth of the field is to use a laser as the projection light source. The high spatial coherence (i.e., a point source) of a laser source allows us to generate a near perfect collimated light beam. The depth of the field can be substantially increased when a collimated light beam is used to illuminate the sinusoidal fringe pattern. Furthermore, since all the light beams are originally coming from the same point, it becomes much easier to calibrate the measurement [8] . Unfortunately, coherent noise is inevitably introduced by the laser source, which is harmful to the measurement accuracy.
To maintain the advantages (i.e., large depth of the field and easiness for calibration) and eliminate the limitation (coherent noise) of the laser sources used in the projected fringe profilometry, in this paper, we investigate the use of a supercontinuum light generated by launching ultra short laser pulses into a highly nonlinear photonic crystal fibers in the projected fringe profilometry [13] [14] [15] [16] . The ultra high spatial coherence and low temporal coherence (ultra wide spectral range from UV to near infrared) make it possible generate a nearly perfect temporally incoherent point light source. It is found that a highly accurate projected fringe profilometer can be built by applying the supercontinuum light in the system.
Depth of field under supercontinuum light illumination
In an imaging system, the total depth of field (DOF), The diffraction-limited depth of field shrinks inversely with the square of the numerical aperture, NA, as given by [18] 
where 1 k denotes a constant ( 1 0.5 k = for the incoherent illumination and 1 1 k ≈ for the coherent illumination [19] ) and λ is the wavelength of illuminating light. Note that since the period of the projected fringe is usually in the millimeter order and the numerical aperture of the projection system can be very small without losing illumination efficiency via spatially coherent light illumination, w DOF can be very large. The geometric optics depth of field is related to the circles of confusion, which can be mathematically derived from lens equation [18, 20] ,
where u is in objective space and v is in image space, f is focal length of the lens. When we consider a circle of confusion with diameter c in the image space, near DOF distance and far DOF distance in objective space can be easily derived by the geometry shown in Figs. 1(a) and 1(b). where d is the aperture (diameter) of the lens. The corresponding near DOF distance n L and The total DOF then is given as, In the projected fringe profilometry, c is determined by the period of projected fringe, T (e.g., 0.1 c T =
). For example, if T is in the order of millimeter c can be in the order of submillimeter (e.g., 0.1 mm). Since the supercontinuum light (generated by launching the ultra short laser pulses in a highly nonlinear photonic crystal fiber) is a highly spatially coherent light source, the effective aperture of the imaging system, d , can be very small without losing light illuminating efficiency. If c md << , based on Eq. (6c), 1 ≥ χ and a very large depth of focus (at least, under geometric optics approximation) can be obtained as given by Eq. (6b). In addition, since a well collimated illuminating beam can be generated by this supercontinuum light source, the projection imaging system can have a very small NA without losing overall illuminating efficiency. Then, based on Eq. (2), a large w DOF can be achieved. Thus, the overall DOF of the system, T DOF , is large. We stress that although both the laser and the supercontinuum light are highly spatially coherent light sources, the narrow-band laser light is also a temporally coherent light source that inherently has the coherent noise, which is detrimental to the accuracy of the projected fringe profilometry. Thus, the supercontinuum light is a much better choice in the projected fringe profilometry, which has the advantages of both large depth of field and low noise.
To verify the aforementioned theory (i.e., a spatially coherent light source can offer a larger depth of field in the projected fringe profilometry), a simple imaging experiment was performed. A tilted cylindrical tube was used as the testing object. A sinusoidal pattern was projected onto the cylindrical tube using a standard imaging system as shown in Fig. 2.  Figures 3(a), 3(b), and 3(c) show the recorded pictures of projected fringes under the illuminations of laser, spatially incoherent white light, and supercontinuum light sources, respectively. First, these experimental results confirmed that both the laser and the supercontinuum light sources offered a better depth of field than that of conventional spatially incoherent white light source. Furthermore, higher imaging quality was obtained by the supercontinuum light imaging system due to the lack of coherent noise.
Projected fringe profilometry using supercontinuum light illumination.
To study the projected fringe profilometry using the supercontinuum light illumination, a standard phase-shifting projected fringe system was built, as shown in Fig. 4 , which were mainly composed of (1) a highly nonlinear photonic crystal fiber, (2) a collimating lens, (3) a sinusoidal fringe pattern set on the top of a moving stage, (4) a projecting lens based imaging system, (5) a testing object, and (6) a CCD camera system used to record the projected fringes on the testing object.
In the experiment, the supercontinuum light was generated by launching femtosecond pusles from a mode locked Ti: Sapphire laser into a highly nonlinear photonic crystal fiber (manufactured by Crystal Fibre, model number: NL-2.0-770) [16] . Since the effective area of this fiber was very small (around 1 micron in diameter), the supercontinuum light can be generated within this short (around 10 cm) photonic crystal fiber via several nonlinear effects, including four wave mixing and Raman scattering. At the output end of the fiber, a nearly perfect white light point source was obtained. The light beams from this point source were collimated by a collimating lens and the collimated beams were employed to illuminate a sinusoidal fringe pattern. Then, the sinusoidal fringe pattern was projected onto the surface of the testing object. Finally, a CCD camera system was used to record the projected fringes on the testing object.
To measure the 3D surface profile, a standard four-step phase shifting method was utilized [7] . Four projected fringe patterns, As an experimental example, a fan blade was selected as the testing object. Fig. 5 showed the fringes projected on this fan blade by the supercontinuum light illumination. One can clearly see that nice fringe patterns are obtained across the entire fan blade surface regardless of their depths. Therefore, one can indeed get a large depth of field via the supercontinuum illumination. After recording four phase-shifting fringes, the 3D surface profile of the fan blade was calculated by using Eqs. (8) and (9). Fig. 6 showed the measured 3D surface profile of the fan blade. This experimental result demonstrated that the quality of the measure was very high. There were no noticeable errors on this measurement. This measurement result was also compared with the data obtained from the standard scanning stylus surface profiler. Two measurement results agreed very well (in the micron range accuracy).
Besides the large depth of field, we also would like to point out that, due to the point light source nature of the supercontinuum light, all the projected light beams can be traced back from the same illuminating point, which makes the calibration process much easier [8] . There is no need to calibrate the perspective distortion in this case.
Conclusion
In summary, we investigated a unique projected fringe profilometry based on the supercontinuum light illumination. First, the depth of field of the projection imaging system was analyzed. It was found that a large depth of field could be obtained by the point light source illumination. Second, the advantages of using the supercontinuum light illumination in the projected fringe profilometric system were discussed, including (1) a large depth of field, (2) easiness with calibration, and (3) no coherent noise. Finally, the theoretically predicted advantages of using the supercontinuum light illumination were experimentally confirmed. A fan blade was chosen as a testing object. The 3D surface profile of the fan blade was precisely measured across the entire surface of the fan blade. There were no noticeable errors at any location of the fan blade, regardless of its depth. We believe that a robust, highly accurate projected fringe profilometry can be realized by using the supercontinuum light illumination, which may have a variety of applications such as rough 3D surface measurement. 
